Introduction
into amino or carbonyl intermediates, and (4) the reaction of carbonyl intermediates with other amino groups as Seed deterioration involves many biochemical and biophysical changes, including the loss of enzymatic activitwell as the subsequent rearrangement to form advanced after 6 h accounted for about 10% of the population and were glycosylation end-products (AGE-products) (Sun and discarded. The preliminary study showed that these hard seeds Leopold, 1995) . The formation of Amadori and Maillard were still viable, but they took up water very slowly. Selected products and their potential roles in the ageing process seeds were immediately placed in a sealed container at 5°C for of animal and human systems have been reviewed extensovernight equilibration to ensure uniform hydration and then dried back at ambient temperature (24±1°C ) to water content ively in medical literature ( Kristal and Yu, 1992 ; Monnier, of 0.149 g g−1 dw (equivalent to 12.9% water content on wet 1990). The non-enzymatic glycation (step 1) reduces the basis). This brief rehydration-dehydration treatment significactivity of enzymes like Cu-Zn-superoxide dismutase antly reduces the variation in rates of imbibition and germina- ( Taniguchi et al., 1989) , ribonuclease ( Eble et al., 1983) , tion due to the difference in seed coat characteristics among Na+/K+ ATPase (Garner et al., 1987) and lysozyme individual mungbean seeds and does not affect the desiccation tolerance and seed longevity (Sun et al., 1997) . Dried seeds ( Wettlaufer and Leopold, 1991) . It has been reported were sealed in laminated aluminium packets and stored at 33°C
that non-enzymatic glycosylation of DNA plays an (±0.4°C ). Samples were taken over a period of five months.
important role in the incidence of DNA strand breaks between the accumulation of Maillard products and the dried for 12 h, re-dissolved with 20 ml distilled water, and then loss of seed viability under long-term storage conditions 1 ml of glucose assay reagent was added to each sample. The glucose assay reagent without sample was used as a control. (Sun and Leopold, 1995) . Amadori and Maillard reac-
The absorbance of the sample solution was measured at 520 nm tions may contribute to seed ageing through the chemical after diluting with 3 ml of 0.1 N HCl.
alteration of proteins, thus depressing metabolic capabil-
The content of lipid peroxidation products was measured ity and reducing the ability of the metabolic system to using TBA-TCA reagent (0.25% thiobarbituric acid in 10%
limit the free radical damages and to repair the damages trichloroacetic acid ) according to Heath and Packer (Heath and Packer, 1968) . Embryonic axes (~20 mg) were homogenduring germination.
ized with 1 ml of 50 mM phosphate buffer (pH 7.2) and
In the present study, the roles of sugar hydrolysis and and further confirmed that the non-enzymatic modifications of proteins and enzymes through Amadori and
Measurement of Amadori and Maillard products
Maillard reactions play an important role in seed
To extract seed protein, 20 mg embryonic axes were homogendeterioration during storage.
ized in a centrifuge tube with 1.2 ml of phosphate buffer (50 mM, pH 7.2). An aliquot (200 ml ) of 10% streptomycin sulphate dissolved in 50 mM HEPES (pH 7.2) was added to
Materials and methods
the homogenate to precipitate nucleic acids. After vortexing and centrifuging at 15 000 g for 15 min, another 200 ml streptoSeed treatment, storage and germination test mycin was added and the suspension was centrifuged again. To minimize the interference of non-protein components, seed Seeds of Vigna radiata (L.) Wilczek (mungbean) were briefly imbibed in water up to 6 h as described previously (Sun et al., proteins in the supernatant were precipitated with ammonium sulphate (0.55 g ml−1). The precipitated proteins after centrifu-1997). Seeds which had loose and damaged seed coats imbibed water very rapidly and were discarded during the first hour of gation were redissolved in 3.3 ml phosphate buffer (50 mM, pH 7.2). Protein solutions were further purified using 10-DG imbibition. During imbibition, individual seeds were selected for the ageing experiment when the water content of the whole columns (Bio-Rad) to remove substances with molecular weight less than 6000 to 8000 daltons. This procedure avoided the seeds had increased roughly 0.3-0.4 g g−1 dw (g of water g−1 dry weight). The imbibition time for individual seeds to reach interference of non-protein substances and stabilized the protein fluorescent readings. Extracted proteins were used for this moisture level varies from 2 to 6 h, depending on the water permeability of their seed coats. Seeds which had not imbibed measurement of Amadori and Maillard products. The changes of glucose content from 270-400 nm and emission wavelength from 320-500 nm. In order to gain insight into Amadori and Maillard reactions Figure 2 shows the content of glucose in seed axes after between seed proteins and reducing sugars, seed proteins were different durations of storage. Before storage (day 0), the extracted, purified as described above and mixed with glucose (4 mg ml−1 protein + 0.25% glucose). Aliquots of the sample content of glucose in seed axes was 11 mg g−1 dw. The The decline of seed germination and vigour during storage The accumulation of TBA-reactive products Percentage germination started to decline after 50 d of
The measurement of TBA-reactive products in the seed storage at 33°C, and this decline became faster as the axes showed an interesting pattern of change during storage period was extended ( Fig. 1) . From 50-100 d, storage (Fig. 3) . The content of TBA-reactive products seed germinability slowly reduced to 80%, which was then increased steadily during the first 60 d of storage, and followed by a rapid decline to 20% in the next 40 d then remained roughly unchanged until 90 d. The TBA- (Fig. 1A) . However, the change in seed vigour exhibited reactive products accumulated again and attained the a different trend (Fig. 1B) . Seed vigour, expressed as the maximum level at 110 d, which was followed by a rapid decrease. The content of TBA-reactive products increased by 300% within the first 110 d of storage.
The accumulation of Amadori products in seed proteins
The non-enzymatic reaction of reducing compounds with free amino groups of proteins would lead to the formation of glycosylamines, which rearrange to Amadori products. Amadori products in seed proteins accumulated during storage ( Fig. 4) , with an increase of 400% during the first measure for the content of Maillard products. Protein fluorescence intensity increased linearly during The accumulation of Maillard products in seed proteins storage between 0 and 120 days ( Fig. 6) , and after 120 d increased even faster. In order to study the relationship Protein fluorescence analysis was used to study protein modification by Maillard reactions during seed storage.
between Amadori reactions and Maillard reactions, the rate of protein fluorescence increase in seed axes during Figure 5 shows the fluorescence spectra of proteins extracted from control and stored seed axes; the two storage was calculated and plotted against the content of Amadori products at different times of storage. fluorescence spectra differed greatly. The fluorescence peak that centred at excitation wave length of 295 nm Surprisingly, the two parameters were not correlated at all ( Fig. 6B) , even though Amadori reactions were and emission wave length of 345 nm was identical for proteins extracted both from control and stored seed coupled with Maillard reactions. The relationship between Amadori reactions and Maillard reactions were further axes. The nature of this fluorescence peak is well known and is attributed to the presence of certain amino acids studied, using the seed proteins/glucose model system. As the ageing of the model system proceeded, the accumulain the proteins. Proteins extracted from stored seed axes had an additional fluorescence peak, which was broad tion of Amadori products and Maillard products were observed ( Fig. 7A, B) . Again, no correlation was and centred at excitation wavelength of 350 nm and emission wave length of 420 nm (Fig. 5B) . This additional observed between the content of Amadori products and the rate of Maillard reactions (Fig. 7B, inset) . However, fluorescence peak is due to the presence of AGE-products in seed proteins (Sun and Leopold, 1995) . The fluoresthe accumulation of Amadori products showed a different pattern of change ( Fig. 7A) . cence intensity at excitation wave length of 350 nm and Figure 8 shows the correlations between sugar hydrolysis, lipid peroxidation, Amadori and Maillard reactions, and seed deterioration. The increase in the content of glucose, as a result of sugar hydrolysis, and the accumulation of Maillard products in seed axes were correlated excellently with the loss of seed vigour ( Fig. 8A, B) . The content of TBA-reactive products and Amadori products were also correlated well with the loss of seed vigour during the first 3 months of storage (Fig. 8C, D) . A few data points for Amadori products at the end of experiment were not used for the calculation of correlation coefficients, because a reversed trend was observed.
Amadori and Maillard reactions in relation to seed deterioration

Sugar hydrolysis and lipid peroxidation in relation to Amadori and Maillard reactions
To investigate how sugar hydrolysis and lipid peroxida- idation) and the contents of Amadori and Maillard products ( Fig. 9) . The content of glucose in seed axes through the gradual hydrolysis of disaccharide and oligosaccharide. The presence of reducing sugars, such as showed a very strong correlation with the accumulation of Maillard products, as measured by protein fluorescence fructose, galactose and glucose, is a primary driving force of Amadori and Maillard reactions. In soybeans, reducing intensity, while the content of TBA-reactive products exhibited a strong correlation with the content of sugars were formed through the hydrolysis of raffinose and stachyose during storage, and once formed, these Amadori products. The correlation was much less significant between the content of glucose and the content of reducing sugars were rapidly used up in Maillard reactions (Sun and Leopold, 1995) . In the present study, the Amadori products, and between the content of TBAreactive products and the accumulation of Maillard prodaccumulation of Maillard products in seed axes was found to be highly correlated with the level of glucose (Fig. 9A ) ucts (data not shown).
and the loss of seed vigour during storage (Fig. 8B) . The data suggest that sugar hydrolysis during storage may Discussion contribute to seed deterioration through the formation of reducing sugars which in turn initiate Amadori and The aim of the present study was to examine the possible coupling of sugar hydrolysis and lipid peroxidation with Maillard reactions. Dry seeds are apparently unable to exercise repair, and therefore protein or DNA damages Amadori and Maillard reactions that were known to alter the structure and function of proteins and DNA. Mature by Amadori and Maillard reactions would accumulate over time and eventually contribute to seed death. seeds of many species contain only trace amounts of reducing sugars which could initiate Amadori and Lipid peroxidation is frequently cited as the cause of seed deterioration (McDonald, 1999) . It was suspected Maillard reactions. However, sugar composition profile could change during storage ( Yaklich, 1985; Petruzzelli, that the secondary products of lipid peroxidation might participate in non-enzymatic protein and DNA degrada-1986; Bernal-Lugo and Leopold, 1992; Leopold, 1993, 1995; Kalpana and Rao, 1994; Begnami and tion through Amadori and Maillard reactions. Lipid oxidation produces a variety of lipid hydroperoxides, Cortelazzo, 1996) . Mungbean seeds contained considerable amount of glucose. The content of glucose in seed which can be further degraded into reactive ketones, aldehydes and alcohols. The possible mechanism as to axes increased further during storage (Fig. 2) , presumably how lipid peroxides and their secondary products may reduce seed storage life remains unclear. Lipid peroxides and their secondary products can react with terminal groups of amino acids in proteins (Feeney and Whitaker 1982; Ory and St Angelo, 1982) . The formation of Schiff bases was observed between peroxidized phospholipids and membrane proteins (Castilho et al., 1994) . This reaction was similar to the first step of Amadori reactions. Therefore, the possible coupling between lipid peroxidation, Amadori and Maillard reactions was investigated. The determination of TBA-reactive products was used as a convenient way to quantify the extent of lipid peroxidation in seed axes ( Fig. 3) . The content of Amadori products in seed proteins increased by 400% during storage (Fig. 4) , and showed a strong correlation with the content of TBA-reactive products (Fig. 9B) , supporting the hypothesis that a possible coupling existed between lipid peroxidation and the initiation of Amadori reactions. It is noted that the accumulation of Amadori products showed different patterns of change between the seed protein/glucose model ( Fig. 7A) and proteins in the seed axes (Fig. 4) . This difference is probably due to the involvement of lipid peroxidation products in Amadori reactions in the seed axes. A few studies, however, reported that there was no consistent association between lipid peroxidation and seed peroxidation in seeds depends on moisture content,
